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The findings in this report are not to be construed as an official Department of the Army position, unless so designated by other authorized documents. Observation of a projectile immediately after launch from a gun tube car provide valuable information relating to both interior and exterior ballistic parameters. However, at this time, the projectile is still within the muzzle blast region of the gun. Due to this severe environment, a limited number of methods are available to obtain data. Photographic methods are widely used, and from them, the structural integrity of the projectile can be evaluated ar.d the initial velocity measured. Two photographic methods currently being used are:
A.
High-speed Photography
The use of high-speed photography is an excellent method to measure the projectile velocity and observe the structural integrity of the projectile. However, because of the severe attenuation of the visible light in the blast region, it can only be used after the projectile has emerged from it.
B. Flash X-ray Photography
The use of x-ray photography provides the best means to observe the projectile and measure the velocity in the blast region. However, the timing to fire the x-ray unit is critical. If the initial trigger can be provided, a second trigger of a known time delay can be usec and from the resulting photographs the velocity can be computed.
Since the x-ray system must be recharged after each firing of the x-ray source, the trigger must be precise. If the trigger is not at the precise time, the x-ray may fire before or after the projectile passes the x-ray plate. The time delay required to fire the x-ray depends on the projectile velocity and the distance from the gun to the x-ray head (source). The required delay is usually calculated based on the known distance and the expected projectile velocity. This delay time is then preset into the time delay circuit of the x-ray unit. If the velocity assumption is correct and a precise reference time is available, x-ray photographs can be routinely obtained. There are means available to provide a precise reference time such as muzzle exit, but an accurate prediction of muzzle velocity is still necessary. Quite often the obtained velocity is not as predicted and the x-ray unit is triggered at an improper time, thus not capturing the image of the projectile on the photograph. This is especially true in research and development where different propellant charges and different projectile configurations are being tested.
Failure to obtain the photographs of the projectile often results in a substantial part of the desired data from a test firing being lost. In some programs this requires a duplication of the test firing, increasing the cost of the program as well as increasing the time required to complete it.
Ideally, one would like to have an automatic time delay circuit which would provide triggers at the appropriate time, from muzzle exit to downrange beyond the muzzle blast region, regardless of the projectile velocity.
There are several ways by which an automatic x-ray trigger may be obtained. Downrange of the muzzle blast region, for example, one can use an automatic delay circuit in which a digital up-down-counter circuit counts clock pulses "up" during the time it takes a projectile to pass from one light screen or break wire to another. After the projectile passes a second light screen or break wire, the counter counts "down", and when the count reaches zero a pulse is generated to fire the x-ray unit.
Assuming no great change in velocity, the projectile travels approximately the same distance during the count "down" as it had during the count "up". If the x-ray heads are positioned accordingly, the x-ray unit will be triggered at the proper time. This system should prove to be a significant improvement over previous methods for obtaining x-ray photographs downrange beyond the muzzle blast. However, since the screens or break wires must be positioned beyond the muzzle blast region, photographs of the projectile while it is still in the blast region are not possible.
It may be possible to measure the time interval of the projectile passing two strain or pressure gages spaced a known distance apart on the gun, near the muzzle, and to use this time in the same way to provide a trigger. This would provide a trigger while the projectile was still in the blast region. These methods of measuring time intervals are not too accurate or reliable.
The automatic time delay system described in this report is designed to provide an x-ray trigger at the precise instant the projectile is passing an x-ray head to ensure a photographic record of the projectile. The primary area of interest is while the projectile is in the muzzle blast region, which typically extends from the muzzle to one to three meters downrange. The system will provide a correct time delay regardless of the projectile velocity. This is possible because a real time measurement of the projectile velocity is made directly at the muzzle of the gun. Therefore, no prior knowledge of the velocity is necessary and there is no need to preset a delay into the x-ray unit. The circuit provides consecutive triggers which coincide in time with the projectile passing multiples of the projectile length. Therefore, multiple x-ray photographs of the projectile can be obtained in the muzzle blast region or downrange beyond this region.
II. THE BASIC CONCEPT OF THE AUTOMATIC DELAY SYSTEM
The basic concept of the system is quite simple. Assuming a constant velocity, a projectile traversing a known distance in a known time will traverse the same distance in the next equivalent increment of time. In this method, the baseline (projectile) length is known, so one need only measure the time required for this baseline to pass a single sensor. The measured time is the correct time delay required to trigger the x-ray if it is positioned one multiple of the baseline from the sensor. Multiples of the measured time also coincide with the projectile passing the respective multiples of the baseline. Although the velocity of the projectile is not constant within the muzzle blast region, the change in velocity is quite small (usually on the
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order of one half of a percent). After the projectile emerges from the blast region, aerodynamic drag retards the velocity but this change is also quite small.
It may be possible to measure these changes in velocity using multiple x-ray heads and precise fiducial marks on the cassettes by measuring the actual position of the projectile relative to the fiducial marks.
Shown in Figure 1 is the basic block diagram of the automatic delay system. The radio frequency (RF) velocimeter,^,3 -^ measuring muzzle velocity, determines the time interval (TI) it takes for the projectile to pass the single sensor which is mounted at the muzzle of the gun. This time interval measurement is connected to a digital, programmable counter. As soon as the measurement is completed, the programmable counter counts clock pulses derived from a crystal oscillator in the RF velocimeter until the time interval count from the RF velocimeter is reached. At this time the programmable counter outputs a pulse, recycles, and begins the count again. Each time the correct number of clock pulses is counted, a pulse is generated. This results in a pulse train with a repetion rate determined by the time interval measurement. The desired pulse from this pulse train is then selected and amplified to a level sufficient to trigger the x-ray unit. Any number of pulses can be ''Jimmy Q. Schmidt selected to trigger multiple x-ray heads.
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Knowing the baseline length of the projectiles, the x-ray heads are spaced at the desired multiple lengths of the projectile.
The prototype system was tested using only one x-ray head. Multiples of the baseline length from one to ten were selectable through a switch. Figure  2 shows the time relationship of the x-ray trigger and the x-ray head position. The projectile used was 10.16 cm (4 inches) long. The time interval measurement made by the RF velocimeter is complete when the trailing edge of the projectile passes the sensor. Since the collar which holds the sensor to the gun tube is approximately 2.54 cm [1 inch) thick, an x-ray photograph taken at that point in time would provide an image of the projectile which is partially obscured by the collar. Therefore, a reference point is chosen to be one half a projectile length from the sensor and the n=l position to be 10.16 cm (4 inches) from the reference.
If an x-ray photograph is taken at this time, the projectile center will coincide with that position and the rear of the projectile will have cleared the collar by 7.62 cm (3 inches). The choice of this reference is arbitrary and can be made whatever is desired. Figure 2 is an example where the projectile is to be photographed at n = 4, and the time interval (TI) measured is 110 ysec. The automatic delay provides a trigger 550 ysec after the front of the projectile exits the gun. At this time the center of the projectile is aligned with the x-ray head at the x-4 position. Had the projectile been faster, for instance, and a time interval of 100 Msec obtained, the delay would have been-500 psec and the projectile would still have been photographed when the center of the projectile was aligned with the x-ray head. Had the projectile velocity been slower, the correct time delay would also have been obtained.
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A fiducial pulse is available from the RF velocimeter, the leading edge of which coincides in time with the front edge of the projectile as it exits the gun. The time delay from this point is (n+1) TI and this time, between muzzle exit and the x-ray trigger is recorded on an external counter to verify the results.
III. THE ELECTRONIC DELAY CIRCUIT
The schematic of the automatic time delay circuit is shown in Figure 3 . The associated waveforms for the delay circuit are shown in Figure 4 .
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The programmable counter is initially in the master preset mode (all binary coded decimal inputs zero] . The time interval output from the RF velocimeter has a resolution of 0.1 ysec. However, only the 1, 10, and 100 ysec decades are coupled into the "J" inputs of the programmable counter. The reason for this is that the programmable counter available had a maximum clock rate of less than 10 MHz. Therefore, only three decades of the time interval count are used. The 10 MHz clock from the RF velocimeter is divided by ten in a decade counter and the output pulses are fed to the programmable counter at a 1 MHz rate.
As the leading edge of the projectile passes the sensor, a positive-going time interval pulse (Tl) is generated in the RF velocimeter and the time interval counter in the RF velocimeter begins to count clock pulses. When the trailing edge of the projectile passes the sensor, the time interval pulse in the RF velocimeter is terminated and the time interval count is completed. The negative-going trailing edge of the time interval pulse (Tl) triggers a oneshot multivibrator. The output of this multivibrator is a positive-going pulse which is coupled to the K^ input of the programmable counter. This causes the programmable counter to switch from the master preset mode to the count mode. The programmable counter then counts the 1 MHz clock pulses until the count is the same as the time interval in microseconds. At this time, it generates a pulse and begins to count again. Therefore, if 110 ysec was fed to the "J" input from the RF velocimeter, every 110 ysec a pulse would be generated. This train of pulses is fed into a CD-4017 decade counter^. The counter counts pulses and outputs consecutive pulses 110 ysec apart on ten separate lines. The ten outputs are fed through a switch and the desired pulse is selected. The selected pulse is fed through a buffer and the positive edge is used to trigger a pulse generator. The pulse generator produces a narrow (5 to 30 ysec) Transistor-Transistor Logic (TTL) level pulse. This pulse is then amplified to a level of 22 volts which is sufficient to trigger the x-ray unit.
When the tenth pulse in the pulse train is counted, the carry-out pulse from the decade counter is coupled through a buffer and used to trigger a oneshot multivibrator. decade counter to zero. The negative-going pulse of the multivibrator resets the first one-shot multivibrator which, in turn, resets the programmable counter to the master preset mode for the next firing. An additional one-shot multivibrator is triggered on the positive-going leading edge of the time interval pulse to supply a timing fiducial mark. This simply replaces the fiducial pulse normally available from the velocimeter since the circuit card holding the automatic delay circuit replaced the original fiducial and x-ray trigger card. An indicator light and a manual reset is included to ensure that the decade counter is properly reset after initial power is applied.
Should it be desired to use multiple x-ray heads it is a simple matter to connect additional pulse generators and amplifiers directly to the ten output lines of the decade counter.
Additional decades can be added to the decade counter circuit if it is desired to take x-ray photographs at a greater distance than ten times the projectile length. The same effect can be achieved by increasing the division ratio of the divide-by-ten counter.
IV. SYSTEM ACCURACY
The accuracy of the position of the projectile (assuming a constant velocity) in reference to the x-ray head at the time of the trigger is determined by:
The accuracy of the time interval measurement by the velocimeter,
B.
The selected baseline multiple, and C.
A maximum of plus 1 ysec due to the time of the event in relationship to the clock pulse.
The position error A can be written as P A p = (n(A TI ) + ^ M, where n is the multiple of the baseline selected, A is the accuracy of the time interval measurement, Tl is the time interval m ysec, and HA is the projectile baseline length.
As an example, the maximum position error for a 10.16 cm (4 inch) projectile to be photographed at n = 10 with a projectile velocity of approximately 1000 m/sec and a time interval accuracy of 1% would be: This position error is sufficiently small to ensure capturing the projectile image on the x-ray film. The error can be reduced further by the use of a programmable counter operating at a 10 MHz rate and using the full resolution of the time interval measurement of the RF velocimeter.
V. INITIAL TEST RESULTS OF THE AUTOMATIC DELAY SYSTEM
The automatic time delay system was first tested on a 40 mm gun from 13 May 1981 to 11 June 1981. Twenty-four rounds were fired with the projectile muzzle velocities varying from approximately 340 m/sec to 1049 m/sec. X-ray photographs were taken of the projectiles at one, three, and five times the projectile baseline length of 10.16 cm (4 inches). The time between the muzzle exit and the x-ray trigger was recorded on an external counter. A threaded rod was positioned at the selected multiple of the baseline to check the projectile position. The x-ray unit was triggered at the proper time in each case. Figures 5 and 6 are examples of two projectiles x-ray photographed at the (x-3) position (35.56 cm from the muzzle). The respective muzzle velocities, as measured by the RF velocimeter, are 720 m/sec and 1049 m/sec. The recorded time delay based on the time interval measurement was also correct to within 1 ysec.
VI. SUMMARY
The automatic delay system has been proven to be an excellent method to provide an accurate and reliable trigger for obtaining x-ray photographs of projectiles in the muzzle blast region of a gun. The primary advantages of this system over previous systems are:
The system will automatically provide triggers during which time the projectile is in the muzzle blast region as well as beyond the blast region.
B.
The projectile length is used as the baseline distance for the time interval measurement. The projectile length, being much shorter than a typical spacing required for light screens or break wires provides smaller increments of projectile travel which may be automatically timed.
C.
The velocity used to compute the delay is the actual real time measurement at the muzzle.
D.
There is no realignment necessary between rounds as may be the case when using screens or break wires.
E.
There is no restriction in the azimuth or elevation position of the gun which would be advantageous in other applications such as automatic fuze setting.
In addition to its primary purpose of reliably obtaining the desired x-ray photographs, this system has the potential to provide a measurement of the change in projectile velocity from the muzzle to the time the projectile emerges from the muzzle blast region. 
